Neurons exhibit rhythmic activity that ultimately affects behavior such as sleep. In living zebrafish larvae, we used time-lapse two-photon imaging of the presynaptic marker synaptophysin in hypocretin/orexin (HCRT) neurons to determine the dynamics of synaptic modifications during the day and night. We observed circadian rhythmicity in synapse number in HCRT axons. This rhythm is regulated primarily by the circadian clock but is also affected by sleep deprivation. Furthermore, NPTX2, a protein implicated in AMPA receptor clustering, modulates circadian synaptic changes. In zebrafish, nptx2b is a rhythmic gene that is mostly expressed in hypothalamic and pineal gland cells. Arrhythmic transgenic nptx2b overexpression (hcrt:NPTX2b) increases synapse number and abolishes rhythmicity in HCRT axons. Finally, hcrt:NPTX2b fish are resistant to the sleep-promoting effects of melatonin. This behavioral effect is consistent with NPTX2b-mediated increased activity of HCRT circuitry. These data provide real-time in vivo evidence of circadian and homeostatic regulation of structural synaptic plasticity.
SUMMARY
Neurons exhibit rhythmic activity that ultimately affects behavior such as sleep. In living zebrafish larvae, we used time-lapse two-photon imaging of the presynaptic marker synaptophysin in hypocretin/orexin (HCRT) neurons to determine the dynamics of synaptic modifications during the day and night. We observed circadian rhythmicity in synapse number in HCRT axons. This rhythm is regulated primarily by the circadian clock but is also affected by sleep deprivation. Furthermore, NPTX2, a protein implicated in AMPA receptor clustering, modulates circadian synaptic changes. In zebrafish, nptx2b is a rhythmic gene that is mostly expressed in hypothalamic and pineal gland cells. Arrhythmic transgenic nptx2b overexpression (hcrt:NPTX2b) increases synapse number and abolishes rhythmicity in HCRT axons. Finally, hcrt:NPTX2b fish are resistant to the sleep-promoting effects of melatonin. This behavioral effect is consistent with NPTX2b-mediated increased activity of HCRT circuitry. These data provide real-time in vivo evidence of circadian and homeostatic regulation of structural synaptic plasticity.
INTRODUCTION
The molecular mechanisms underlying circadian rhythmicity are well understood at the cellular level. However, it is unclear how this information is integrated to control specific physiological and behavioral outputs such as the timing of sleep (Takahashi et al., 2008) . There is close interaction between homeostatic (dependent on duration of wakefulness) and circadian regulation of sleep, which optimizes the distribution of sleep and wake across the 24 hr cycle under natural light-dark (LD) conditions (Dijk and Czeisler, 1994; Achermann and Borbé ly, 2003; Saper et al., 2005) . There are two main hypotheses that attempt to explain the beneficial effect of sleep on brain performance. The ''synaptic homeostasis'' hypothesis assumes that information encoded during wakefulness increases synaptic load, which is globally downregulated during sleep (Tononi and Cirelli, 2006) . The ''active system consolidation'' hypothesis suggests reactivation of memories during sleep (Wilson and McNaughton, 1994; Ji and Wilson, 2007) . These hypotheses therefore predict that there is a great deal of synaptic plasticity associated with sleep cycles. In vertebrates, the rhythmic expression of synaptic and trafficking genes has been postulated to affect behavior by remodeling synapses across day and night (Panda et al., 2002) . Additionally, sleep-wake behavior itself has been shown to change synaptic plasticity and the expression of synaptic genes (Cirelli et al., 2004; Terao et al., 2006; Maret et al., 2007; Vyazovskiy et al., 2008) . These data suggest that neuronal circuits are plastic over the course of the day. However, rhythmic changes in synaptic density have not been demonstrated in a living vertebrate, and the molecular mechanisms of this type of synaptic plasticity are poorly understood.
The zebrafish, a transparent diurnal vertebrate, is ideally suited to study neuronal anatomy, sleep, and circadian rhythms in a living animal (Zhdanova et al., 2001; Pando and Sassone-Corsi, 2002; Prober et al., 2006; Yokogawa et al., 2007) . In zebrafish, the hypocretin (HCRT) neurons regulate sleep and wake, and they project throughout the brain (Kaslin et al., 2004; Faraco et al., 2006; Prober et al., 2006; Yokogawa et al., 2007) including to the pineal gland (Appelbaum et al., 2009) . In mammals, HCRT neurons are plastic (Rao et al., 2007) and are a major sleep and wake regulatory system (Nishino and Sakurai, 2006; Lu et al., 2006) that, when lost, causes narcolepsy (Lin et al., 1999; Hara et al., 2001) .
In this study, we used live two-photon imaging of the presynaptic marker synaptophysin (SYP) to study the dynamic distribution and turnover of synaptic structures in HCRT cells projecting to the pineal gland. SYP is a synaptic vesicle protein that is expressed throughout the developing zebrafish nervous system (Valtorta et al., 2004; Meyer and Smith, 2006) . We selected the HCRT-pineal gland circuit because of its functional importance in regulating circadian rhythms and sleep in zebrafish (Appelbaum et al., 2009) , as well as the feasibility of imaging HCRT axons located superficially and isolated from other diffuse HCRT projections.
As a candidate regulator of synaptic plasticity, we also studied the role of neuronal activity-regulated pentraxin (NARP/NPTX2/ NP2, Tsui et al., 1996) in regulating synaptic structures in HCRT neurons. The nptx2 gene was of special interest as it is expressed in mammalian HCRT neurons (Reti et al., 2002; Crocker et al., 2005) and is upregulated during wakefulness (Cirelli et al., 2004; Maret et al., 2007) . Importantly, it clusters alphaamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors at excitatory synapses in cultured neurons (O'Brien et al., 1999 (O'Brien et al., , 2002 and mediates synaptic refinement in vivo (Bjartmar et al., 2006) . NPTX2 is secreted in an activity-dependent fashion (Tsui et al., 1996; Reti et al.,. 2008a ) and has been shown to be important in learning and memory (Johnson et al., 2007; Reti et al., 2008b) . Furthermore, NPTX2 can target both pre-and postsynaptic elements in excitatory synapses in a neuronal circuit (O'Brien et al., 1999; .
RESULTS

Visualizing Synapses in HCRT Axons using the Presynaptic Marker Synaptophysin
To study the dynamic changes of synaptic structures during day and night, we labeled HCRT neurons with synaptophysin (SYP) fused to enhanced green fluorescent protein (SYP-EGFP). SYP is a validated marker of presynaptic boutons and synapses in vertebrates including zebrafish (Bamji et al., 2003; Javaherian and Cline, 2005; Meyer and Smith, 2006) . We established a stable transgenic line expressing SYP-EGFP in all HCRT cells (hcrt:SYP-EGFP, Figure 1B ). In hcrt:SYP-EGFP fish, EGFP is represented in HCRT cell bodies and the axon fibers are strongly labeled with punctuated structures (compare Figures 1A  and 1B) . A similar pattern of SYP-EGFP puncta distribution was also visualized in HCRT fibers of adult hcrt:SYP-EGFP fish ( Figure 1C ). To validate the fact that SYP-EGFP puncta correspond to synaptic structures, we performed double immunohistochemistry experiments with other pre-and postsynaptic proteins in zebrafish HCRT cells. First, whole hcrt:SYP-EGFP embryos were labeled with a monoclonal antibody to the synaptic vesicle protein 2 (SV2) and EGFP. Because of high synapse density in the brain, we initially imaged SV2 in regions of the developing spinal cord where SV2 labeling was less dense. We found that SV2 is restricted to presynaptic puncta in spinal motor neurons ( Figures 1D and 1E) , as was previously shown (Meyer and Smith, 2006) . In 32 hr postfertilization (hpf) embryos, we further demonstrated colocalization of SV2 and SYP-EGFP puncta in HCRT axons located in the hindbrain (Figures 1F and 1G) . These data show that SYP-EGFP occupies the same sites in HCRT axons of zebrafish as other vesicular proteins associated with the presynaptic bouton. In addition, using array tomography, a high-resolution imaging technique that allows for highly multiplexed immunofluorescent labeling (Micheva and Smith 2007) , we show that SYP-EGFP puncta are physically localized in juxtaposition with postsynaptic structures ( Figure S1 , available online). In adult transgenic hcrt:SYP-EGFP hypothalamus, 21 of 25 (84%) randomly selected SYP-EGFP puncta have at least 1 postsynaptic density 95 (PSD95) punctum within 100 nm of their location, demonstrating that SYP-EGFP puncta generally represent synaptic structures ( Figure S1 ).
Rhythmic Synaptic Plasticity in HCRT Axons
To visualize progressive changes in synapse morphology across the day-night cycle, we synchronized hcrt:SYP-EGFP fish to 14 hr light/10 hr dark (LD) cycles for 6 days to entrain their molecular oscillators. At 7 days postfertilization (dpf), each individual was imaged every 3 hr under LD or constant dark (DD) conditions. Imaging was conducted after maturation of HCRT axons projecting toward the pineal gland, thus avoiding confounding developmental effects ( Figure 2A ). All images were normalized for intensity, and punctum counting was performed blindly ( Figures 2B-2K , see Supplemental Experimental Procedures). Data were collected in living fish. Therefore, for each individual we normalized the number in each time point to the mean value across the entire experiment. In LD, punctum number varied over the course of a 24 hr cycle, with the highest value occurring during the day, and reduced at nighttime (Figures 2L and 2B-2F, amplitude of 38.% ± 12.2% standard error of the mean [SEM], n = 12). Interestingly, the greatest rate of change of punctum numbers occurred at dark to light transition (30.9% ± 9.24% SEM, Figure 2L ). LD transitions are known to be periods of maximal activity and wakefulness in zebrafish (Prober et al., 2006; Yokogawa et al., 2007) . These data also concur with recent reports that the effect of HCRT is most relevant during the transitions between sleep and wake in mammals and zebrafish (Adamantidis et al., 2007; Naumann et al., 2010) .
Rhythmic Synaptic Plasticity in HCRT Axons Is Primarily
Regulated by the Circadian Clock Observed rhythmicity in LD may be driven directly by light, independently of the circadian clock. To address this question, we measured the number of puncta under DD. As in LD, synapse number was rhythmic and peaked during subjective day (amplitude of 20.4% ± 3.08% SEM, n = 9, Figures 2G-2K and 2M), suggesting a circadian control in the absence of light entrainment. Furthermore, the biggest change was observed during the dark to subjective light transition (16.1% ± 6.31% SEM, Figure 2M ), as in LD.
To assess whether the number of puncta is rhythmic in other HCRT axons, we used continuous imaging to study HCRT axons projecting into the hindbrain in 7 dpf hcrt:SYP-EGFP transgenic fish under DD. In this region, HCRT axons are divided from the main caudal projection tract ( Figure 2A ) and can be efficiently distinguished within the same individual at different time points and across individuals. Punctum number varied over the course of a 24 hr cycle, such that the highest value occurred late during the day and early during the night (CT8-CT17) and was reduced toward the morning and the beginning of the day (CT20-CT5, Figure S2 , amplitude of 16.24% ± 3.7% SEM, n = 13). Interestingly, under DD the amplitude of the rhythm of synapse number is similar in HCRT axons projecting to the pineal gland and hindbrain. However, the phase of the rhythm is different and almost opposite, suggesting diverse pre-and likely postsynaptic regulation. Taken together, these results indicate that intrinsic circadian oscillators drive rhythmic synaptic plasticity in HCRT axons that differ in a region-specific manner.
Synaptic Plasticity in HCRT Axons Is Also Regulated by Sleep-Dependent Homeostatic Processes
We next investigated whether the number of SYP-EGFP puncta in HCRT axons is regulated by sleep-dependent homeostatic processes by performing sleep deprivation (SD) experiments. Control of punctum number by sleep is an intriguing possibility because HCRT regulates sleep and wake in zebrafish, and the amplitude of daily changes in punctum number under DD was reduced by nearly 50% compared with LD ( Figure 2 ). Larvae were kept under LD for 6 days and then, at 7 dpf, transferred into DD conditions. The subjective day (active period) was then extended for 3 hr (CT14-CT17, Figure 3A ) by using gentle vibration and tapping (protocol previously established by Zhdanova et al., 2001) . Larvae were forced to maintain activity while sibling control larvae were allowed to sleep (both in DD, n = 12 for each treatment). Puncta located adjacent to the pineal gland were measured prior to SD, immediately after SD, and 3 hr later in the same individuals (Figures 3A and 3B) . Punctum number was normalized to baseline (before SD, CT14) for each individual. In both control and SD larvae, punctum number was reduced (p < 0.01 for control and p < 0.05 for SD) at CT20, confirming that synapse number decreased during the night ( Figure 3 and Figure S3A for more details). However, no differences were found in the number of puncta between control and SD larvae after 3 hr of SD (CT17) and recovery (CT20, Figure 3B ). These results suggest that 3 hr of SD has no effect on synapse number, and that longer periods of SD may be required in zebrafish larvae, as is the case in flies (Shaw et al., 2000; Gilestro et al., 2009; Donlea et al., 2009 ). We therefore sleep deprived 7 dpf larvae for a longer period (6 hr, CT14-CT20, Figure 3A , n = 13) while sibling larvae (n = 8) were allowed to sleep. We also increased recovery time to 6 hr, and the experiment was performed under similar conditions as the 3 hr SD experiment ( Figures 3A and 3C ). The rhythm of punctum number ( Figure 3C and Figure S3B ) was consistent with the finding shown above ( Figure 3B and Figure S3A ) in control (p < 0.01) and sleepdeprived (p < 0.05) larvae. Importantly, synapse number was increased (17%, p < 0.05) in sleep-deprived larvae at CT20 (A-C) A schematic illustration of the SD experiments (A). Seven dpf larvae were sleep deprived for 3 (B) or 6 (C) hours at the beginning of the night (CT14). SYP-EGFP punctum number were quantified before SD (CT14 in B and C), immediately after SD (CT17 in B or CT20 in C), and after recovery (CT20 in B or CT2 in C). All experiments were performed under dark conditions (DD) and in living larvae. The number of puncta at each time point was normalized to the number recorded at the first time point (CT14) within the same individual. In all cases, with or without SD, punctum number was lower at night (see also Figure S3 ). Six but not three hours of SD significantly (*p < 0.05) increased the number of puncta. Statistical comparisons were performed with t tests and ANOVAs. Each value represents mean ± SEM. (D and E) Brain activity and wake is indicated by expression of c-fos mRNA in the brains of control (D) and sleep-deprived (E) larvae. All images are dorsal, with heads pointing to the top (three in each image). The following abbreviations are used: OB, olfactory bulb; Tel, telencephalon; Di, diencephalon; and Rh rhombencephalon. Similar results were obtained after 3 and 6 hr of SD. Note the efficiency of the SD procedure (D versus E). All sleep-deprived fish showed strong increases in expression.
when compared to controls ( Figure 3C ). After recovery (CT2), punctum numbers in SD and control larvae were similar.
At the end of SD (CT17 or CT20), we first verified the efficiency of SD by analyzing whole-brain c-fos expression, a well-established marker of neuronal activity and wakefulness (Basheer et al., 1997) . As expected, a stronger activation of c-fos was observed in all sleep-deprived fish (n = 12) when compared to controls (n = 12, Figures 3D and 3E) in both 3 and 6 hr SD experiments. Also confirming SD, we found that recovering sleep-deprived animals (at CT21.5 and CT22.5) displayed reduced activity levels compared to controls ( Figure S3C ). Taken together, these data suggest that diurnal fluctuations of synapse numbers in HCRT axons projecting to the pineal gland are primarily driven by the circadian clock; however, the reduced rhythm under DD and the increased punctum number after 6 hr of SD also demonstrate a role for homeostatic control.
nptx2b Is Expressed in the Lateral Hypothalamus and the Pineal Gland To investigate the mechanisms that could regulate rhythmic synaptic plasticity in this circuit, we studied the neuronal pentraxin nptx2 gene. In zebrafish, we cloned two nptx2 paralogs, nptx2a and nptx2b, with high homology to mammalian nptx2 ( Figure S4 ). The two zebrafish-predicted protein sequences contain the characteristic neuronal pentraxin structure with a signal peptide followed by two coiled-coil domains and a pentraxin domain in the C terminus ( Figure S4 ). Nptx2a is widely expressed, resembling the mammalian pattern of expression of nptx2 ( Figure S4 ). Remarkably, nptx2b is initially discretely expressed in the hypothalamus and the pineal gland ( Figures 4A and 4B ), a pattern of expression later expanded to include the habenula ( Figure 4C ), retina, and cranial ganglia (data not shown). Double in situ hybridization (ISH) studies in adults and larvae indicated that nptx2b-positive cells in the lateral hypothalamus (LH) are glutamatergic ( Figure 4H ). Some nptx2b cells also colocalize with dynorphin (pdyn, Figure 4F ) and hcrt ( Figure 4E ) in the LH, and with aanat2, a marker of melatonin-producing photoreceptor cells, in the pineal gland ( Figure 4G ). These data largely recapitulate the expression pattern of nptx2 in the mammalian LH (Reti et al., 2002; Crocker et al., 2005) , where pdyn and nptx2 also colocalize in HCRT cells.
Rhythmic Expression of nptx2b Is Independent of the Light Regime
The localization of nptx2b (a gene involved in synaptic plasticity of glutamatergic neurons) in sleep-and circadian-related tissues (i.e., hypothalamus and pineal gland) suggested a possible involvement of this protein in the regulation of rhythmic synaptic plasticity in HCRT-pineal circuitry. To explore this hypothesis, we studied whether the expression of nptx2b is rhythmic, and possibly regulated by the circadian clock. The expression pattern was analyzed in adults because nuclei-specific expression can be more easily quantified on adult brain sections. Fish were sampled every 4 hr throughout the first cycle under LD and DD conditions. Under both conditions, nptx2b mRNA levels in the LH were highest during the day and lowest during the night (p < 0.001, Figures 4I-4L) , with minimal differences between LD and DD, suggesting a circadian control. Interestingly, nptx2b mRNA levels in the LH peak toward the evening (CT11, Figures 4K and 4L) , 3 hr before the number of SYP-EGFP puncta reach their maximum level ( Figures 2L and 2M ). Rhythmic nptx2b expression was not restricted solely to the LH. In the habenula, nptx2b mRNA levels were high during the night (CT11-CT19) and low during the day (CT23-CT7) under DD (p < 0.05, Figure S5 ). In contrast, no apparent differences were observed in the levels of nptx2b mRNA after 6 hr of SD ( Figure S5 ). Taken together, these results suggest that nptx2b expression is primarily regulated by the circadian clock.
Overexpression of nptx2b Increases Synaptic Density in HCRT Axons
The coincidence of nptx2b rhythmicity with synapse number fluctuations in HCRT cells prompted us to investigate the existence of a functional relationship. To test the hypothesis that nptx2b is involved in the circadian regulation of synaptic plasticity in these neurons, we first analyzed the effect of nptx2b on synaptic density. We were unable to pursue a loss-of-function strategy, as no nptx2bÀ/À mutants are available and antisense morpholino approaches are inefficient at the developmental stage of fish in our experiments (7 dpf). Further, NPTX2b loss could be compensated by the effects of other pentraxins such as NPTX2a and NPTX1 (see Discussion). Therefore, we pursued a gain-of-function strategy and generated a stable transgenic line overexpressing nptx2b under the control of the hcrt promoter ( Figure 5D ). This promoter drives a strong, arrhythmic expression specifically in HCRT neurons (Faraco et al., 2006; Appelbaum et al., 2009) . To further validate that the HCRT promoter is arrhythmic, we show that, in adult zebrafish, hcrt mRNA levels are arrhythmic with a slight increase toward the end of the night (CT23, Figure S5 ). These data match well with mammalian studies that show that hcrt mRNA expression is arrhythmic (Stü tz et al., 2007) . Both pre-and postsynaptic density structures were monitored with SYP-EGFP ( Figure 5 ) and PSD95-EGFP ( Figure S6) , respectively, as NPTX2 has been shown to act both pre-and postsynaptically in vitro (O'Brien et al., 1999) . PSD95 is a validated postsynaptic marker of excitatory synapses in mammals and zebrafish (Ebihara et al., 2003; Niell et al., 2004; Livneh et al., 2009) . To study the function of NPTX2b in a single HCRT neuron, we used transient expression ( Figure 5A ), taking advantage of mosaic effects obtained after injections of the hcrt:SYP-EGFP or hcrt:PSD95-EGFP construct at the one-cell stage of stable hcrt:NPTX2b transgenic or wild-type sibling embryos. The number of synaptic protein clusters was then quantified in all dendrites or axons in both wild-type sibling and NPTX2b overexpression fish. We found a significant increase (43%) of SYP-EGFP puncta in fish overexpressing NPTX2b versus control wild-type siblings (264.8 ± 32.4 SEM in hcrt:NPTX2b, n = 7, versus 184.2 ± 11.4 SEM in WT sibling, n = 8, p < 0.05, Figure 5E ). In contrast, PSD95-EGFP punctum distribution in the dendrites remained unchanged (68.6 ± 7.9 SEM in hcrt:NPTX2b, n = 9, versus 60.8 ± 10.5 SEM in WT sibling, n = 11, Figure S6 ). These results indicate that in vivo overexpression of NPTX2b increases synaptic density in HCRT axons without a similar effect in the dendrites, suggesting that NPTX2b functions in axon terminals of HCRT neurons.
Arrhythmic Expression of nptx2b Abolishes Synapse Rhythmicity in HCRT Axons
We next studied the effects of NPTX2b arrhythmic overexpression in HCRT axons projecting to the pineal gland ( Figures 5F-5N ), a region where we found rhythmic structural synapse changes in HCRT axons (Figure 2 ). For this experiment, we used progeny of crosses between stable homozygous hcrt:SYP-EGFP and homozygous hcrt:NPTX2b lines. We observed a two-fold increase in SYP-EGFP punctum density (at zeitgeber time, ZT8) in nptx2b-overexpressing fish (11.8 ± 1.5 SEM in hcrt:NPTX2b, n = 14, versus 6 ± 0.5 SEM in WT sibling, n = 25, p < 0.001, Figures 5F-5H) . Importantly, to test whether the overexpression of NPTX2b could affect synapse rhythmicity, we also monitored the numbers of SYP-EGFP Figure 5I and Figure 2M ), although SYP-EGFP puncta were slightly increased (p < 0.05) above baseline at CT5 ( Figure 5I ). These results indicate that NPTX2b overexpression not only increases presynaptic structure density but also suppresses synapse rhythmicity. These data suggest that the rhythmically expressed nptx2b gene is involved in the mechanism regulating circadian variation of synaptic density in this circuit.
Fish Overexpressing NPTX2b Are Resistant to the Hypnotic Effect of Melatonin
Since the increase of presynaptic structures in HCRT axons may lead to an increase in excitatory output of the glutamatergic HCRT neurons, the effects of NPTX2b overexpression on behavior were next studied in both larvae and adults. In larvae, we monitored activity across the day under dim light conditions. In adults, we monitored sleep and wake under the LD cycle by using the Adult Fish Sleep Recording System (Yokogawa et al., 2007) . At both larval and adult stages, hcrt:NPTX2b fish behaved the same way as their wild-type siblings (Figure 6A for larvae; Table S1 for adults), suggesting that, in normal conditions, the increase of synapse number in HCRT axons has undetectable effects on activity and sleep.
We recently identified a specific interaction between the HCRT and melatonin systems illustrated by the hypersensitivity to melatonin of HCRT receptor mutant fish (hcrtrÀ/À, Appelbaum et al., 2009 ). Melatonin has a strong sleep-promoting effect in zebrafish (Zhdanova et al., 2001; Appelbaum et al., 2009) . Thus, we next tested the effect of melatonin on hcrt:NPTX2b fish. Interestingly, in contrast to hcrtrÀ/À fish, we found that hcrt:NPTX2b larvae are resistant to melatonin (p < 0.005, Figures 6B and 6C) . Likewise, in adult fish, when melatonin was added at the end of the second day, it increased sleep time 3-fold (p < 0.01) and the number of sleep/wake transitions (2-fold, p < 0.01) during the day in wild-type but not transgenic hcrt:NPTX2b siblings (Figures 6D-6H ). These data are opposite to the results obtained with fish lacking a functional HCRT system (Appelbaum et al., 2009) , suggesting an increased activation of the HCRT system by NPTX2b, in agreement with our finding of increased synaptic density in HCRT axons. Thus, NPTX2b may modulate and strengthen synaptic connectivity between HCRT and downstream postsynaptic targets, and this modification may be reflected in behaviors regulated by the HCRT and melatonin systems. (Dreosti et al., 2009 ).
Circadian Regulation of Synaptic Plasticity
Studies in Drosophila have shown clock-controlled remodeling of axonal terminals in the pigment-dispersing factor (PDF) circuit (Ferná ndez et al., 2008) , suggesting circadian modification of synapses connecting PDF axons to their postsynaptic targets. A similar mechanism was shown in the visual system of the fly, where the circadian clock and external stimuli drive rhythmic synaptic plasticity (Pyza and Gó rska-Andrzejak 2008) . Using our technique, we were able to show circadian regulation of synaptic plasticity in single axons of living vertebrates under LD or DD conditions. Further, we explored different areas of projections of the same neuron, in particular the hindbrain and pineal gland areas. Interestingly, although the amplitude of the rhythm in these target regions was similar, the phase was opposite, suggesting differential postsynaptic regulation of circadian synaptic plasticity even in the presence of a similar input. We hypothesize that HCRT output in these two regions has different functions that require differential circadian regulation. The mechanism leading to these differences may involve presynaptic regulation of axonal transport or circadian regulation of HCRT synapses by postsynaptic targeted cells. This difference illustrates the importance of looking at individual projections within circuits, rather than global changes.
Homeostatic Regulation of Synaptic Plasticity
Both circadian and homeostatic influences regulate behaviors such as sleep. The lower fluctuation in synapse number observed during DD versus LD suggested homeostatic influences on synaptic plasticity. To test this hypothesis, we explored the effects of SD and found homeostatic influences on the number of synapses in HCRT axons. These results are in line with experiments linking synaptic homeostasis, memory, and sleep. In mammals, the number of GluR1-containing AMPA receptors is high during wake and low during sleep in the cortex and hippocampus. Further, induction of long-term potentiation (LTP) is diminished after wakefulness and restored after sleep (Vyazovskiy et al., 2008) . In flies, synaptic protein levels are high after waking and low after sleep, and SD increases the number of synaptic terminals in the ventral lateral neurons' projections (Donlea et al., 2009; Gilestro et al., 2009 ). These synaptic changes were independent of circadian effects, which were negligible in these circuits. It has been hypothesized that, by modifying synapses, sleep consolidates memories, and thus SD disrupts memory acquisition . Learning and associated neuronal activity during wakefulness lead to a use-dependent strengthening of synapses, while sleep downscales these changes (Tononi and Cirelli, 2006) .
Circuit-Specific Regulation of Synaptic Plasticity by Circadian and Homeostatic Influences
Whereas evidence for homeostatic regulation of synapse plasticity is strong in flies and the mammalian forebrain, it remains unclear whether all circuits are similarly regulated. In our study, homeostatic effects were modest (17%) and only observed after 6 hr of SD. Further, even under condition of SD, circadian regulation of synapses was dominant, with decreases in synapse number from baseline (CT14) to the end of SD period (CT20) as observed in non-sleep-deprived controls. These results suggest a strong circadian effect and more minor homeostatic influences on this circuit. Several studies have provided important insights into the underlying mechanisms through which sleep and synaptic homeostasis may benefit memory consolidation (Diekelmann and Born, 2010) . It is possible that homeostatic regulation primarily affects synaptic plasticity in brain areas important for learning and memory, such as the forebrain. In other circuits where short-term reactive adaptation is less important, longterm circadian modulation predicting light/dark transitions may be a more important regulatory mechanism of synaptic plasticity. An example of such a circuit may be the zebrafish HCRT-pineal system, a circuit we do not expect to be involved in memory. Indeed, the zebrafish HCRT system has been shown to regulate sleep/wake and melatonin secretion (Prober et al., 2006; Yokogawa et al., 2007; Appelbaum et al., 2009; Panula, 2010) . It is possible that synaptic plasticity in some postsynaptic HCRT targets will be affected by the circadian clock, while other HCRT targets that regulate sleep and memory will be more sensitive to SD. In this model ( Figure 7A ), both circadian and homeostatic regulation of synaptic density occurs in various brain areas, with homeostatic regulation reflecting circuit needs for sleep and learning-dependent plasticity.
nptx2b and Circadian Regulation of Synaptic Plasticity NPTX2b is an attractive candidate protein for the circadian regulation of synaptic plasticity in HCRT neurons. This gene is rhythmically expressed in the hypothalamus under LD and DD. Further, the putative nptx2b promoter contains 16 E-boxes (CANNTG, two with CACGTG, the perfect E-box sequence, data not shown), a key DNA motif for the binding of clock proteins (Muñ oz and Baler, 2003) . In cultured neurons, overexpression of nptx2 in presynaptic neurons causes enhanced postsynaptic AMPA receptor clustering (O'Brien et al., 1999 (O'Brien et al., , 2002 .
In this study, we found that overexpression of nptx2b in HCRT neurons increases the number of presynaptic puncta, abolishes rhythmic synaptic plasticity in HCRT axons projecting to the pineal gland, and reduces sensitivity to melatonin, a phenotype opposite to hcrtrÀ/À fish. These results suggest that increased nptx2b expression in transgenic fish increases NPTX2b secretion in HCRT axon terminals, promoting clustering of AMPA receptors in postsynaptic neurons, an effect leading to increased HCRT output.
Rhythmic fluctuation of nptx2b expression in HCRT neurons is unlikely to be the sole factor regulating circadian synaptic plasticity. Indeed, nptx2b expression in the hypothalamus and synapse numbers of HCRT axons projecting to the pineal gland and hindbrain peak at different phases, suggesting multiple layers of regulation. Neural pentraxin (NP) proteins enriched in the extracellular matrix include NPTX1, NPTX2, and NPR (the neuronal pentraxin receptor, Kirkpatrick et al., 2000) . NPs have opposing effects on AMPA receptor aggregation at synapses. NPTX2 and NPTX1 heterodimerize, synergistically promoting AMPA receptor clustering while NPR regulates AMPAR removal (O'Brien et al., 1999; Xu et al., 2003; Sia et al., 2007; Cho et al., 2008) . In this study, we elected to conduct gain-of-function experiments, as an nptx2b mutant is not available, and morpholino antisense oligonucleotides are not efficient at 7 dpf. Further, loss of NPTX2b function would probably be compensated through the effects of other NPs. In knockout mice, loss of both NPTX1 and NPTX2 is required to reduce AMPA-receptor-mediated transmission and alter synaptic refinement of the developing visual system (Bjartmar et al., 2006; Koch and Ullian, 2010) .
Together, these data suggest that the rhythmically expressed nptx2b gene is involved in circadian regulation of synapse number of HCRT axons ( Figure 7 ). As NPTX2 expression in mammals is upregulated by wake and sleep deprivation, and is not primarily clock dependant (Cirelli et al., 2004; Maret et al., 2007) , it is tempting to speculate that other neuronal pentraxin members in zebrafish, such as NPTX2a, NPTX1, and NPR, might regulate homeostatically controlled synaptic plasticity. For example, the role of nptx2 in zebrafish may vary between two paralogous genes. Nptx2b may regulate circadian synaptic plasticity only in HCRT and other hypothalamic neurons while nptx2a, a gene more widely expressed, may regulate homeostatic synaptic plasticity in wake-active memory circuits, for example in the forebrain and other brain areas.
HCRT-Melatonin Interaction in Zebrafish
These results build on our recent finding indicating important interactions between HCRT and melatonin in the regulation of zebrafish sleep/wake cycles (Appelbaum et al., 2009 ). Melatonin has a strong hypnotic effect in zebrafish (Zhdanova et al., 2001 ). Although we were unable to detect baseline differences in sleep and activity in hcrt:NPTX2b transgenic fish, these animals were resistant to the hypnotic effects of melatonin, in symmetric opposition to the hypersensitivity observed in hcrtrÀ/À fish. As in mammals, studies in zebrafish have shown activation of HCRT neurons in correlation with increased locomotor activity (Naumann et al., 2010) , suggesting that melatonin resistance could be merely a consequence of HCRT excitatory output. However, we previously identified an interaction between HCRT and melatonin pathways suggesting an alternative mechanism of regulation. In zebrafish, we found that HCRT enhances melatonin production in the pineal gland (Appelbaum et al., 2009) . When the HCRT-melatonin signaling is altered, expression or activity of melatonin receptors in downstream circuits may increase or decrease to compensate for the variation in melatonin production. These may explain the hypersensitivity or resistance to melatonin of hcrtrÀ/À and hcrt:NPTX2b fish, respectively. Such a regulatory loop has been previously reported in birds where melatonin receptor numbers increased after pinealectomy (Lu and Cassone 1993) . Interestingly, our results indicate that during the day when animals are more active, synapse number may be higher (in the pineal) or lower (hindbrain), offering the possibility of a differential modulation of HCRT cell output in various brain regions. Whether resistance to melatonin in (A) Circuit-specific rhythmicity in synaptic density: circadian and homeostatic effects. Rhythmicity of synaptic plasticity of HCRT axons is observed in several brain regions. In HCRT axons projecting to the pineal gland, control of rhythmicity is mostly circadian (wide arrow), with minor homeostatic effects (narrow arrow). We found differences in rhythmic regulation of synapse density between axons within the same neuron projecting to the pineal gland and hindbrain. This could result in time-dependent differential output effects in selected projection targets, providing one more layer of regulation. NPTX2b, a rhythmically expressed protein, can mediate circadian fluctuations of synaptic density in HCRT axons. Other unknown clock-and homeostatic-controlled synaptic proteins are also probably involved in this process. (B) Overexpression of NPTX2b in HCRT neurons induces melatonin resistance. Overexpression of NPTX2b increases axonal synaptic density and results in a phenotype opposite to hcrtrÀ/À mutants (melatonin hypersensitivity), suggesting increased HCRT output. This may mediate melatonin resistance in two different ways. First, increased HCRT output can increase pineal gland melatonin release, an effect that could downregulate melatonin receptors and reduce sensitivity to melatonin application. Alternatively or in addition, other projections of HCRT with wake/activity-promoting effects could be involved. In this scenario, HCRT projections to areas other than the pineal gland, such as the hindbrain, induce wake or activity. Increased activity at these sites could counterbalance sleep induced by melatonin.
hcrt:NPTX2b fish is secondary to disruptions of melatonin release via HCRT-pineal projections or indirect via comodulation of other HCRT downstream targets ( Figure 7B ) remains to be investigated.
Conclusion and Perspective
Our study demonstrates the feasibility of monitoring synapses in vivo longitudinally in individual animals, with application to the study of synaptic plasticity across the 24 hr cycle. We found that diurnal regulation of synaptic plasticity is complex and circuit specific, with differential effects even within different axonal projection sites of the same neurons. In the zebrafish HCRT system, synapse number is primarily regulated by the circadian clock, although weaker homeostatic influences are also evident. A possible actor in this regulation is NPTX2b, a rhythmic gene that is expressed in the hypothalamus, although other synaptic proteins are likely to be involved.
The function of sleep is a highly debated topic (Mignot, 2008) , but synaptic plasticity is believed to play a critical role (Diekelmann and Born, 2010) . The longitudinal study of synaptic markers in other neuronal systems and in other HCRT projections will be necessary to expand on our findings, and will probably demonstrate various degrees of homeostatic versus circadian regulation of synaptic plasticity. Our approach offers the opportunity of studying synaptic plasticity in response to behavioral challenges or after genetic manipulation of key synaptic proteins, with complementary monitoring of the resulting behavior in a living vertebrate.
EXPERIMENTAL PROCEDURES
Cloning of nptx2 Paralogous Genes and In Situ Hybridization
Partial open reading frame sequences of nptx2a and nptx2b were identified with the online Ensembl database (http://www.ensembl.org) and the mouse nptx2 gene sequence (ENSMUSG00000059991). 5 0 -untranslated regions and location of start codons were determined with 5 0 RACE (Invitrogen). The NCBI (http://www.ncbi.nlm.nih.gov/) accession numbers for these genes are FJ232033 for nptx2a and FJ232032 for nptx2b. The full codon sequences of nptx2a and nptx2b were subcloned into pCRII-TOPO (Invitrogen) and served as a template for in situ hybridization (ISH) in larvae and adults as previously described (Yokogawa et al., 2007; Appelbaum et al., 2009) . Additional probes included pdyn (AY309090), aanat2 (NM_131411), vglut2b (AB183387), c-fos (BC065466), and hcrt (DQ831346). Nptx2b expression in adult hypothalamus was quantified by setting a threshold in 8-bit pictures and calculation of pixel intensity and area with ImageJ software (National Institutes of Health [NIH], Bethesda, MD, USA).
Immunohistochemistry
Adult brains or 32 hpf embryos were fixed in 4% PFA overnight at 4 C and then sliced as described (Appelbaum et al., 2009; Berman et al., 2009) . After blocking, adult brain slices or embryos were incubated in rabbit polyclonal anti-GFP primary antibody (Torrey Pines Biolabs, TP401, 1:100 dilution) in block buffer overnight at 4 C. For double immunohistochemistry, embryos were also labeled with a primary monoclonal antibody to SV2 (Hybridoma Bank, Iowa City, IA, 1:1000 dilutions). Anti-GFP antibodies were detected with a secondary goat-anti-rabbit Alexa Fluor 488 IgG (H + L) antibody (2 mg/mL, Invitrogen, A-11034). Anti-SV2 antibodies were detected with a secondary Alexa Fluor 594 goat-anti-mouse IgG (2 mg/mL, Invitrogen, A-11005).
Array tomography was performed as described previously (Micheva and Smith 2007) . In short, 4% PFA-fixed hcrt:SYP-EGFP fish were embedded in LR White Resin. Sections of 100 mm were acquired as an array from the fish hypothalamus. The array was then stained with an antibody for PSD95 (gift of Jim Trimmer, UC Davis) and visualized with alexa dyes, and the acquired images were deconvolved with the Richardson-Lucy algorithm implemented in Matlab. The images were then reconstructed in 3D to reveal the positioning of the SYP-EGFP puncta and PSD95 puncta.
Transient Expression and Generation of Stable Transgenic Fish
All experiments with zebrafish are in accordance with Stanford University animal protocol. The CDS of nptx2b and the presynaptic (SYP-EGFP; Meyer and Smith, 2006) and postsynaptic (PSD95-EGFP; Niell et al., 2004) markers were subcloned into pT2-HCRT vector containing the HCRT promoter and the Tol2 (Kawakami et al., 2004) transposon elements (pT2-hcrt:NPTX2b, pT2-hcrt:SYP-EGFP, pT2-hcrt:PSD95-EGFP) . Microinjections of the constructs into embryos for transient expression and generation of transgenic fish via the Tol2 system were carried out as described (Supplemental Information and Appelbaum et al., 2009) .
In Vivo Imaging and Quantification Larvae 4 dpf and 7 dpf expressing synaptic markers were mounted in agarose and imaged with two-photon microscopy as described previously (Niell et al., 2004; Meyer and Smith, 2006; Appelbaum et al., 2009 ). We used two-photon imaging because the excitation wavelength is near infrared, a wavelength with undetectable effects on fish physiology and behavior, an important requirement for this study. This technique also minimizes photobleaching and toxicity because two-photon excitation is localized only to the focal plane of the objective (Carvalho and Heisenberg, 2009) . Punctum counting in circadian and NPTX2b overexpression experiments was performed on image stacks processed with ImageJ software (Supplemental Information). In immunohistochemistry experiments, confocal imaging was performed with a Zeiss LSM 510 META laser-scanning microscope.
Behavioral Assay
To monitor larvae response to SD and melatonin application, locomotor activity of 5-7 dpf larvae was recorded with an automated video-tracking system (Videotrack; ViewPoint Life Sciences, Montreal, Canada, see Supplemental Experimental Procedures) as previously described (Appelbaum et al., 2009) . Progeny from out-crosses of heterozygous hcrt-NPTX2b transgenic and wild-type siblings were monitored in drug-free and melatonin (1 mM) conditions by an experimental procedure blind to the genotype. A total of four independent experiments were performed for each treatment. Adult sleep was monitored with and without melatonin (100 mM) as described (Yokogawa et al., 2007; Appelbaum et al., 2009) . Sleep deprivation (SD) experiments were performed under DD as described (Zhdanova et al., 2001) , with minor modifications. Specifically, larvae were placed in a Petri dish on a 3D moving shaker tray that produces variable levels of vibration with intermittent gentle tapping. Larvae were subjected to SD for 3 or 6 hr, and sibling control larvae were maintained under similar conditions without vibration.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, one table, and Supplemental Experimental Procedures and can be found with this article online at doi:10. 1016/j.neuron.2010.09.006.
